Abstract: The number of epigenetic studies on brain functions and diseases are dramatically increasing, but little is known about the impact of post-mortem intervals and post-sampling effects on DNA modifications such as 5-methylcytosine (5mC) and 5-hydroxymethylcytosine (5hmC). Here, we examined post-mortem-induced changes in global brain 5mC and 5hmC levels at post-mortem intervals up to 540 min., and studied effects of tissue heat stabilization, using LUMA and ELISA. The global 5mC and 5hmC levels were generally higher in the cerebellum of adult rats than neonates. When measured by ELISA, the global 5mC content in adults, but not neonates, decreased with the post-mortem interval reaching a significantly lower level in cerebellum tissue at the post-mortem interval 540 min. (2.9 AE 0.7%; mean AE S.E.M.) compared to control (3.7 AE 0.6%). The global 5hmC levels increased with post-mortem interval reaching a significantly higher level at 540 min. (0.29 AE 0.06%) compared to control (0.19 AE 0.03%). This suggests that the post-mortem interval may confound 5mC and 5hmC analysis in human brain tissues as the post-mortem handling could vary substantially. The reactive oxygen species (ROS) level in cerebellum also increased over time, in particular in adults, and may be part of the mechanism that causes the observed post-mortem changes in 5mC and 5hmC. The global 5mC and 5hmC states were unaffected by heat stabilization, allowing analysis of tissues that are stabilized to preserve more labile analytes. Further studies in human samples are needed to confirm post-mortem effects on DNA methylation/hydroxymethylation and elucidate details of the underlying mechanisms.
The advances in epigenetics are revealing a molecular basis for how information other than the DNA sequence can influence gene function. Epigenetic mechanisms such as DNA methylation, histone modifications, chromatin remodelling and gene regulation by non-coding RNAs are crucial for the cellular development and function. It is clear that epigenetic states can be disrupted by environmental factors and the importance of epigenetic alterations in human diseases is becoming increasingly evident [1] [2] [3] . Newer classes of drugs are being developed to regulate epigenetic mechanisms and counteract disease states [4] . DNA methylation is a well-studied epigenetic modification that has been associated with several human diseases including cancer, cardiovascular disease, rheumatoid arthritis and brain disease [5] [6] [7] [8] . While DNA methylation at position 5 of the cytosine pyrimidine ring (5mC) has been known for decades, other modifications of the DNA such as 5-hydroxymethylation (5hmC) are more recently highlighted as a biologically relevant feature [9] [10] [11] . Global 5hmC content varies between tissues, with highest levels in the brain, and appears to be correlated with tissue differentiation [12, 13] . The functional significance of 5hmC is yet to be absolutely determined. It is suggested that this base modification is primarily involved in DNA demethylation, but functions may also include other regulatory processes important for diseases such as cancer and brain disorders [9, [14] [15] [16] .
When not using surrogate tissues such as peripheral blood and saliva, human DNA methylation studies are highly dependent upon the feasibility of analysing tissues from biobanks, where biological samples have been collected and stored for short periods or even up to decades [17] . Yet, surprisingly little is known about possible confounding effects of post-mortem interval and post-sampling handling on DNA modifications. Studies have demonstrated that DNA samples stored for several years at À80°C can be used for further applications, including DNA methylation analysis [18] . However, the post-mortem interval and pre-processing of biospecimens prior to storage are also critical for molecular studies. Death as well as the removal of a biological sample from its in vivo environment initiates a series of events as the cells trying to adapt to their new milieu [19] [20] [21] . Analyte levels such as RNA, lipids, metabolites, peptides, proteins and their modifications will rapidly start to change from their actual in vivo concentrations, making interpretation of analytical results difficult/inaccurate or even impossible [19] [20] [21] [22] [23] [24] . Sample fixation by conductive heat inactivation of enzymes may reduce the heterogeneity as well as inhibit post-sampling effects on analyte levels due to tissue thawing and sample preparation [19, 22, 23, 25] . Regarding DNA modifications, studies on placental tissue have indicated that DNA methylation is relatively stable [26, 27] but, to our knowledge, no previous study has analysed 5hmC after storage delay. Such studies are important as standardized protocols for collection and processing of human tissues is often constrained by participant-or Author for correspondence: Oskar Karlsson, Department of Pharmaceutical Biosciences, Uppsala University, 75124 Uppsala, Sweden (e-mail oskar.karlsson@farmbio.uu.se).
centre-related logistics, resulting in heterogeneous handling conditions, including delays of up to several hours before sample storage. This may be particularly true for biospecimens collected post-mortem, for example brain tissue [24] .
The primary aim of this study was to investigate post-mortem-induced changes of global 5mC and 5hmC contents in brain tissue using a rat model to simulate post-mortem intervals up to 540 min. Age-dependent post-mortem effects were studied by analysing neonatal and adult brains. Oxidative stress levels were also assessed as the TET enzymes that convert 5mC to 5hmC may respond to oxidative stress [28] . A secondary aim was to examine the effects of tissue heat stabilization on DNA purity/quality and global 5mC/5hmC contents using neonatal brain tissue.
Material and Methods
Animal housing and sample collection. Pregnant Wistar rats were obtained from Taconic (Ejby, Denmark) and housed in Makrolon cages (59 9 38 9 20 cm) containing wood-chip bedding and nesting material. The animals were maintained on standard pellet food (R36 Labfor; Lantm€ annen, Kimstad, Sweden) and water ad libitum, and were housed in a temperature-and humidity-controlled environment with a 12-hr light/dark cycle (lights on at 6 a.m.). The animal experimental protocol was approved by the Uppsala Animal Ethical Committee and was consistent with the Swedish Legislation on Animal Experimentation (Animal Welfare Act SFS1998:56) and the European Union Directive on the Protection of Animals Used for Scientific Purposes (2010/63/EU).
After birth, 37 neonatal female rats were killed on post-natal day 13 by decapitation [29] and the cerebellum was subsequently treated using six different protocols. To study the effect of post-mortem interval on global 5mC and 5hmC contents, the cerebellum from one group of animals (controls; n = 8) was immediately snap-frozen on dry ice, and the brains from groups two and three were kept at room temperature for 300 min. (n = 4) and 540 min (n = 7), respectively, to simulate differences in post-mortem intervals and allow post-mortem changes to appear before the dissection and storage. To determine the effect of tissue heat stabilization and examine possible influence of sample preparation on DNA purity/quality and global 5mC/5hmC states, the fourth group (n = 7) was instantly dissected after rapid enzyme inactivation by conductive heat stabilization with the Stabilizor TM system (Denator, Sweden) using the Auto Fresh mode on the intact brain prior to snap-freezing [30] . The brains from the fifth and sixth groups were also heat-stabilized but kept at room temperature for 300 min. (n = 4) and 540 min. (n = 7), respectively, before the dissection and snap-freezing in order to examine stability over time. To determine age-dependent post-mortem effects, the mothers, 12 adult female rats, were killed by decapitation and cerebellum snap-frozen immediately after dissection (n = 4) or kept at room temperature for 300 min. (n = 4) and 540 min. (n = 4), before snap-freezing, to simulate differences in post-mortem intervals. All samples were stored at À80°C until DNA extraction.
DNA extraction. DNA extraction was performed using the GeneElute TM Mammalian Genomic DNA miniprep kit (Sigma-Aldrich, St. Louis, MO, USA). In brief, brain samples were homogenized manually with a micropestle in 1.5-ml Eppendorf tubes together with lysis buffer containing Proteinase K. The samples were incubated at 55°C for 4 hr to allow for tissue digestion. RNase was added to allow for extraction of RNA-free genomic DNA. DNA isolation was performed using spin columns according to manufacturer's protocol. The DNA was eluted in 100 ll of elution buffer. After centrifugation, the collected elution buffer was pipetted back on the binding column and the elution procedure was repeated once. The concentration and purity was measured on a Nanodrop (Thermo Scientific, Waltham, Massachusetts, USA). DNA quality was determined by running DNA on a 1% agarose gel to assess possible degradation.
Global DNA methylation. The luminometric methylation assay (LUMA) is a method that analyses global 5mC using restriction enzymes and detection with Pyrosequencing â [31] . The used enzymes
HpaII and MspI are isoschizomer endonucleases that recognize the sequence CCGG and cleave between CG, but only MspI cleaves if the internal C is methylated. HpaII is sensitive to CpG methylation and will not cleave. This enzymatic treatment of the DNA creates 5 0 overhang that can be quantified by a luminometric polymerase extension assay using Pyrosequencing â . The relative amount of DNA methylation is then expressed as an HpaII/MspI ratio, which gives the amount of CpG methylation in the context of CCGG. The used protocol is described in the publication by Luttropp et al. [32] . The amount of DNA used for each restriction cleavage reaction was 500 ng, and all samples were run in duplicates.
In addition, the 5mC DNA ELISA Kit TM from Zymo Research was used for the detection of 5mC. A DNA input of 100 ng per sample was used and the samples were run in duplicates according to the manufacturer's protocol. The % 5mC in each sample is calculated using the y-intercept and the slope generated by logarithmically plotting the absorbance values of the six supplied DNA control samples with known 5mC amounts. The method gives the % 5mC content in the context of cytosine methylation regardless if the C is followed by a G, that is a CpG.
Global DNA hydroxymethylation. The Quest 5hmC DNA ELISA Kit TM from Zymo Research was used for the detection of 5hmC. A DNA input of 200 ng per sample was used and the samples were run in duplicates according to the manufacturer's protocol. The % 5hmC in each sample is calculated using the y-intercept and the slope generated by plotting the absorbance values of the five supplied DNA control samples with known 5hmC amounts. The method gives the % 5hmC content in the context of cytosine hydroxylation regardless if the C is part of a CpG.
Oxidative stress. Adult and neonatal rats were killed by decapitation and cerebellum was immediately snap-frozen on dry ice (n = 8 per group). The samples were stored at À80°C until further analysis. Duplicates of all samples were gently homogenized in PBS (100 mg tissue/ml) kept on ice using a hand-driven glass homogenizer. The level of oxidative stress was measured using CM-H 2 DCFDA (Thermo Fischer, Waltham, Massachusetts, USA) as an indicator for reactive oxygen species (ROS). CM-H 2 DCFDA passively diffuses into cells and subsequent oxidation yields a fluorescent adduct that is trapped inside the cell. The samples were analysed for 360 min. at room temperature (21°C), by adding 10 ll of the probe (50 lM) to 100 ll of each sample, using a Polarstar Optima microplate reader (Bmg Labtech, Offenburg, Germany).
Statistical analysis. The data were analysed using analysis of variance (ANOVA) followed by Fisher's protected least significant difference (LSD) as post hoc test. Differences were considered statistically significant at p values <0.05. Statistica 12.0 software (StatSoft Inc. Tulsa, OK, USA) was used for the statistical analyses.
Results
The yield, purity or quality of the DNA extracted from cerebellum of neonatal or adult rats were not affected by the post-mortem interval (data not shown). The average DNA yield from the heat-stabilized brain samples 814 AE 61 ng/ll (mean AE S.E.M.) was significantly increased (p < 0.05) compared to the snap-frozen non-stabilized tissue (617 AE 58 ng/ll), without any effects on purity (A260 nm/A280 nm and A260 nm/A230 nm; table 1) or quality as assessed by gel electrophoresis (data not shown).
Global DNA methylation. The overall statistical comparison with ANOVA showed differences between the groups (F = 9.1, p < 0.001; F = 2.7, p < 0.05) and post hoc testing revealed an age-dependent increase in 5mC content when assessed with LUMA and ELISA, respectively ( fig. 1A,B) . The post hoc analysis of the ELISA data also demonstrated a significant (p < 0.05) decrease in 5mC levels for adult cerebellum tissue at the post-mortem interval 540 min. (2.9 AE 0.7%; mean AE S.E.M.) when compared to 0 min. (3.7 AE 0.6%). No statistically significant decrease in 5mC levels was observed between the post-mortem intervals in neonatal animals ( fig. 1B) . Heat stabilization of tissues did not affect global 5mC levels when measured by LUMA or ELISA. The average 5mC content of all the heat-stabilized samples combined was 69.9 AE 0.3% and 2.7 AE 0.1% compared to 69.9 AE 0.4% and 2.7 AE 0.1% for the snap-frozen non-stabilized neonatal samples, measured by LUMA and ELISA, respectively (table 1) .
Global DNA hydroxymethylation. The overall statistical comparison with ANOVA showed significant differences between the groups regarding global 5hmC measured by ELISA (F = 3.56; p < 0.01). The 5hmC content was higher for mothers at all post-mortem intervals compared to the neonates, but only reached statistical significance at 540 min ( fig. 2) . The average 5hmC level for all the neonatal samples -both heat-stabilized samples and the snap-frozen non-stabilized tissues -was 0.13 AE 0.01%, significantly lower than for the mothers (0.23 AE 0.03%; p < 0.001). The post hoc comparison also revealed a significant (p < 0.05) increase in 5hmC levels for adult cerebellum tissue at the post-mortem interval 540 min. (0.29 AE 0.06%) when compared to 0 min. (0.19 AE 0.03%). No statistically significant increase in 5hmC levels was observed between the post-mortem intervals in neonatal animals ( fig. 2 ). Heat stabilization of tissues did not affect the global 5hmC levels. The average 5hmC content of all the heat-stabilized samples combined was 0.13 AE 0.01% compared to 0.13 AE 0.01% for the snap-frozen non-stabilized neonatal samples (table 1) . Fig. 1 . Effects of post-mortem interval and tissue heat stabilization (HS) on global DNA methylation in cerebellum measured by LUMA (A) and ELISA (B). To study the effect of post-mortem interval, the cerebellum from three groups of neonatal and adult animals were kept at room temperature for 0-540 min. before they were snap-frozen (SF) and stored at À80°C. To determine the effect of HS, the cerebellum from three groups of neonatal animals were instantly heat-stabilized and kept at room temperature for 0-540 min. before storage. Values represent mean AE S.E.M. *p < 0.05 compared with the neonatal SF group at respective time-points. # p < 0.05 compared with the adult 0-min. group. No differences were demonstrated between the neonatal SF and HS groups (ANOVA followed by Fisher's LSD test).
Oxidative stress. The level of oxidative stress was measured using the CM-H 2 DCFDA probe as an indicator for ROS. The result demonstrates the post-mortem samples have an ongoing production of ROS. Higher production of ROS was demonstrated over time for adult cerebellum compared to the neonatal ( fig. 3 ).
Discussion
One of the difficulties in studying human autopsy brain tissue is to distinguish between molecular changes related to the pathology and modifications occurring after death. Despite the dramatic increase in the number of epigenetic studies on brain functions and diseases, little is known about the impact of post-mortem intervals and post-sampling effects on DNA modifications such 5mC and 5hmC. Research has shown inconsistent and conflicting results further indicating the importance of considering methodological issues when analysing 5mC and 5hmC states of post-mortem brain tissues [15, 33] . Better understanding of potential confounding effects of post-mortem handling, such as delay before freezing the samples, is therefore needed before any definite associations between the DNA methylation/hydroxymethylation state and certain diseases, phenotypes or environmental exposures are being made. Here, we report that the 5mC levels increased, while the 5hmC levels decreased, with post-mortem interval in the cerebellum of adult animals but not in neonates. The global 5mC and 5hmC contents were in general higher in adult animals compared to neonates.
The current study is based on a limited number of animals but suggests that DNA modifications may not be as static post-mortem as perhaps previously believed. Moreover, the level of ROS was revealed to increase over time in cerebellum. This indicates an ongoing post-mortem production of ROS in brain and shows that tissues can be affected by oxidative stress also during and after thawing of frozen samples. As the TET enzymes that convert 5mC to 5hmC may respond to oxidative stress, it was of interest to investigate whether the post-mortem interval could affect global 5hmC levels in cerebellum [28] . Interestingly, as above mentioned the 5mC levels seemed to increase and the 5hmC levels decrease, with postmortem time in the adult animals, but not in the neonatal animals. The reason for discrepancy between adult and neonatal cerebellum is not known but may be due to differences in regulation of the DNA methylation machinery or in the regulation/handling of ROS. Notably, higher production of ROS was demonstrated for adult cerebellum compared to the neonatal. Oxidative stress has been suggested to activate TET via increased production of alpha ketoglutarate, and lead to an increase in 5hmC levels [34] . Interestingly, oxidative stress Fig. 2 . Effects of post-mortem interval and tissue heat stabilization (HS) on global 5hmC levels in cerebellum. To study the effect of post-mortem interval, the cerebellum from three groups of neonatal and adult animals were kept at room temperature for 0-540 min. before they were snap-frozen (SF) and stored at À80°C. To determine the effect of HS, the cerebellum from three groups of neonatal animals were instantly heat-stabilized and kept at room temperature for 0-540 min. before storage. Values represent mean AE S.E.M. ***p < 0.001, compared with the neonate SF group at respective time-points. # p < 0.05 compared with the adult 0-min. group. No differences were demonstrated between the neonatal SF and HS groups (ANOVA followed by Fisher's LSD test). has been reported to increase as well as decrease global and gene-specific DNA hydroxymethylation [28, 35, 36] . The oxidation reaction that converts 5mC to 5hmC can continue and generate other cytosine derivatives (e.g. 5caM or 5fM) or lead to demethylation of the cytosine. Hence, DNA methylation processes may, at least in part, be viewed as a cycle rather than a linear event. However, it is also possible that other yet undiscovered pathways that regulate DNA hydroxymethylation exist. Taken together, the results indicate that the post-mortem interval may lead to confounding effects when analysing global 5mC and 5hmC contents in human brain tissues, where the post-mortem handling of the brain samples may vary significantly. There should be no stability issues in conventional animal experiments as brain or other tissues usually are collected within seconds to minutes, generating global 5mC and 5hmC results unbiased by the post-mortem interval. Larger animal studies and more importantly further studies in human samples are needed to confirm post-mortem effects on DNA methylation/hydroxymethylation and elucidate details of the underlying mechanisms.
The first post-natal weeks in rats represent a critical developmental period for the neuronal system. There is a limited understanding of how DNA methylation processes change during this period of neurogenesis, synaptogenesis and neuronal circuit formation [37] . Even less is known about the role of 5hmC. In the present study, the global 5mC levels were found to be lower in cerebellum of neonates compared with adult animals. Studies of this developmental period in human beings have reported that DNA methylation levels increase rapidly and then stabilize by adulthood in both brain and blood [38] . Our results support this finding and indicate an important role also for 5hmC during brain development. The average 5hmC content for all neonatal samples combined was significantly lower than the adult average 5hmC content, and the neonatal 5hmC levels were found to be lower at all post-mortem intervals compared to adults. However, we cannot exclude that the differences in 5hmC states is due to the age-dependent postmortem effects discussed above as the only specific post-mortem interval that reached statistical significance was 540 min. Here we have assessed global 5mC and 5hmC levels in cerebellum but not whether any gene-specific changes were induced depending on post-mortem interval. The rationale for this design is that any effects due to post-mortem handling of the tissue should induce general effects on the DNA methylation machinery rather than specific. On the other hand, pathways such as ROS-regulated TET enzymes may be responsible for alterations of specific targets. The discrepancy between the 5mC results when measured by LUMA or ELISA may be due to important differences between the techniques. LUMA assesses global CpG methylation in a CCGG context using enzymatic digestion. The CCGG sequence accounts for only 8% of the CpG sites totally in the genome, but CpGdense sites (CpG islands) are known to be located in promoter and other regulatory sites. In contrast, ELISA is an antibodybased technique here assessing methylated and hydroxymethylated C irrespective of sequence context. Moreover, we can conclude that both LUMA and ELISA are compatible with heat stabilization of samples as the global 5mC and 5hmC contents were unaffected compared with non-stabilized tissue. This is important because it allows analysis of DNA methylation/hydroxymethylation from tissues that have been heat-stabilized to preserve more labile analytes such as peptides and proteins during storage and sample preparation [19, [22] [23] [24] [25] . In addition, heat stabilization of the tissues increased the DNA yield compared to frozen tissues.
Conclusion
The global 5mC and 5hmC levels were generally higher in the adult than the neonatal cerebellum. When measured by ELISA, the global 5mC levels decreased, while the 5hmC levels increased with post-mortem time in the cerebellum of adult but not neonatal animals. This suggests that the post-mortem interval may lead to confounding effects when analysing DNA methylation/hydroxymethylation in human brain tissues as the post-mortem handling of the brain samples often varies substantially. To avoid biases, samples should be matched carefully for post-mortem interval and other potential confounding variables including age. Post-mortem tissue was demonstrated to produce ROS at higher rate for adults than neonates, which may be part of the mechanism that causes the observed 5mC and 5hmC alterations in adults. Further studies of post-mortem effects on the epigenome are warranted, especially in human brain tissues where post-mortem intervals are generally long.
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